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Abstract
The structures of nanocrystals consisting of 70% vinylidene fluoride and 30%
trifluoroethylene made by Langmuir–Blodgett deposition were studied using transmission electron microscopy and electron diffraction. Highly ordered
nanocrystals with sizes ranging from 100 nm to 4 μm were grown on Langmuir–Blodgett films at a deposition surface pressure of 20 mN m−1. Electron
diffraction patterns from individual crystals allowed us to determine the crystal
symmetry and lattice parameters. A monoclinic phase had been found with the
lattice parameters a = 9.06 ± 0.03 Å, b = 5.18 ± 0.02 Å, c = 20.40 ± 0.05 Å, α =
90° ± 0.3°, β = 93° ± 0.2°, γ = 90° ± 0.2°, consistent with the monoclinic space
3
group C 2.

1. Introduction
Polyvinylidene fluoride (PVDF) and its copolymers with trifluoroethylene (TrFE) or tetrafluoroethylene (TeFE) are ferroelectric due to spontaneous electrical polarization of the
static dipoles [1–3]. For PVDF, several crystal structures have been identified by using xray diffraction [4, 5], electron diffraction [6], neutron diffraction [7], and infrared spectroscopy [8, 9]. Previous experimental studies showed that the ferroelectric β phase consists of a planar zigzag all-trans (TTTT) conformation packed two chains per unit cell in
an orthorhombic structure with the net dipoles lining up, resulting in a net polarization.
Other reported structures contain gauche (G) and anti-gauche (Ḡ) bonds, including nonpolar α and polar αp phases with (TGTḠ) conformation [4, 5], a nonpolar randomized variant
(TG)0.5(TḠ)0.5 [7], a polar γ phase with conformation (TTTGTTTḠ) [6], and the helical δ
phase with conformation (TGTG) [10, 11]. Molecular modeling [12, 13] studies of PVDF
considered nine distinct crystalline structures, including those mentioned above. Random
PVDF:TrFE copolymers are found to have some of the same structures as found in PVDF,
but with larger lattice parameters in the crystal a–b plane due to the extra fluorine at-
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oms on the TrFE monomers [2, 7, 9]. Recent studies of ultrathin films of the PVDF:TrFE
(70:30) copolymer made by the Langmuir–Blodgett (LB) technique have shown that the
copolymer LB films have similar physical properties to the films prepared by other methods such as the Curie point, and polarization reversal [14–17]. In this work, we report the
results of structural studies of nanocrystals grown on copolymer LB films, using transmission electron microscopy (TEM) and multi-angle electron diffraction (ED). The ED patterns revealed a structure similar to the most commonly cited orthorhombic structure, but
with a 3° monoclinic distortion corresponding to a slight longitudinal displacement between the two chains in the unit cell. Further, the lattice constant along the polymer chain
axis c = 20.4 ± 0.05 Å corresponds to eight monomer units, indicating a subtle ordering
not previously reported.
2. Experimental details
The copolymer PVDF:TrFE (70:30) films were made by the horizontal (Schaefer) variation of Langmuir–Blodgett (LB) deposition, as described in detail elsewhere [18]. Briefly,
this was accomplished by dispersing a 0.01 wt% solution of the polymer in dimethyl sulfoxide on an ultrapure (18 MΩ cm) water subphase, compressing the surface layer of polymer slowly with two barriers, and transferring to the substrate. The surface pressure in
this study was 20 mN m−1, much higher than the 5 mN m−1 pressure used in the prior studies [18], to promote nanocrystal growth on the film. The substrates were commercial TEM
copper mesh grids 3 mm in diameter and coated with a 10 nm thick amorphous carbon
film. Electron microscopy and diffraction were performed with a JEOL JEM-2010 transmission electron microscope (200 keV) equipped with double tilt TEM sample holder. A
CCD camera (GATAN, DUAL VIEW®) was used to record the images and diffraction
patterns. The camera length was calibrated using a similar TEM grid coated with 10 nm of
aluminum. The beam current was limited to about 15 pA cm−2 to minimize the damage to
the sample [19–21].
3. Results and discussions
The LB films transferred at high pressure contained on their surface numerous nanocrystals of various sizes and shapes. One such nanocrystal, shown in figure 1(a), appeared to
be a lamellar nanocrystal measuring 510 nm by 420 nm in cross section and of order 60
nm in thickness, as estimated from the beam transmittance. The electron diffraction pattern in figure 1(b) shows that the nanocrystal has a rectangular lattice with quasi-hexagonal symmetry, consistent with the [001] projection along the chains of the copolymer. The
diffraction spots were indexed accordingly. Analysis of the diffraction angles for a C-centered unit cell projected on the a–b plane results in lattice parameters a = 9.06 ± 0.03 Å,
b = 5.18 ± 0.02 Å, and the angle γ = 90° ± 0.2° between the a and b axes. These values
are very close to the values a = 9.05 Å, b = 5.12 Å, c = 2.55 Å, α = β = γ = 90° obtained
from powder neutron diffraction studies of the ferroelectric β phase of the 70:30 copoly14
mer and is consistent with the orthorhombic unit cell (space group C 2v) assigned to that
structure [7]. The lattice parameters are also small enough to exclude all of the structures
containing gauche bonds, since these have a and b spacings about 10% larger than the
all-trans β phase, due to the extra space taken up by the gauche bonds [7, 22, 23]. Figure
1(c) shows the lattice image formed from the same crystal under these conditions. Similar quasi-hexagonal electron diffraction patterns for the β phase structure were also reported from PVDF:TrFE (88:12) copolymer single crystals [24]and a PVDF single crystal
formed under high pressure, although with different lattice spacings [25]. However, those
electron diffraction patterns with the beam along the chain did not give any further information about the period of the chain.
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Figure 1. (a) TEM image from a nanocrystal found on an 8-monolayer LB film deposited
on a TEM copper grid at a pressure of 5 mN m−1 showing the crystalline grains. (b) The
ED pattern and (c) the lattice image from the single crystal of image (a). The scale-bar in
(c) shows the direction of the b axis for the standard β phase lattice.

We also observed that the films contained crystals with other orientations and shapes,
such as those shown in figure 2. These differ from the crystal shown in figure 1 mainly by
the fact that the crystal chains, which are parallel to the c axis indicated by the white arrow, are in the plane of the film. The ED patterns shown in figure 3 from the region indicated by the white circle were recorded at six different angles of incidence by tilting
the crystal about the c axis. The ED patterns could be indexed according to a monoclinic
structure as follows. The pattern in figure 3(a) corresponds to a [010] crystal orientation
perpendicular to the a* – c* reciprocal lattice plane, and has a fundamental d-spacing of
4.52 ± 0.02 Å along (h00) and 20.40 ± 0.05 Å along (00l ) reciprocal lattice vector directions. The angle between the a* and c* reciprocal lattice axes is β = 93° ± 0.2°, indicating
that the unit cell is not orthorhombic, but either monoclinic or triclinic. The pattern shown
in figure 3(b), which was obtained by tilting the crystal by 14.2° about the c axis, corresponds to a [1̄70] crystal orientation, and has d-spacings of 1.575 ± 0.02 Å along (710),
10.20 ± 0.03 Å along (00l) and 20.40 ± 0.05 Å along (71l) directions. Figure 3(c), which
was obtained by tilting the crystal by 19.8° about the c axis, corresponds to a [ 1̄50] crystal orientation, and has d-spacings of 1.708 ± 0.02 Å along (510), 10.20 ± 0.03 Å along
(00l) and 20.40 ± 0.05 Å along (51l) directions. The ED pattern shown in figure 3(d),
which was obtained by tilting the crystal by 29.4° about the c axis, corresponds to a [1̄30]
crystal orientation, and has d-spacings of 2.607 ± 0.02 Å along (310) and 10.20 ± 0.03 Å
along (00l ) and (31l) directions. The missing diffraction spots in figure 3(c) for the (hkl)
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Figure 2. TEM image from a 4-monolayer sample deposited on TEM copper grid at a
pressure of 20 mN m−1 showing single crystalline grains. The diffraction patterns were
recorded from the circled area. The arrow indicates the c axis, identified as the polymer
chain direction.
Table 1. The orientations of the selected-area ED patterns shown in figure 3. The tilt angle is the angle from the [010] axis as the sample was tilted about the [001] axis. The calculated tilt angle is obtained from the expression tan(θ) = (a/h)/(b/k), where a = 9.06 ±
0.03Å and b = 5.18 ± 0.02 Å

d-spacings (l = 2n, n = 0, 1, 2 . . . , with both h, k even, and l = 2n + 1, n = 0, 1, 2 . . . with
both h, k odd) are attributed to the identical projections of the potential along or perpendicular to the electron beam direction, respectively. The ED pattern shown in figure 3(e),
which was obtained by tilting the crystal by 41.4° about the c axis, corresponds to a [1̄20]
crystal orientation, and has a d-spacing of 1.704 ± 0.02 Å along (420) and 10.20 ± 0.03
Å along (00l ) and 20.40 ± 0.05 Å along (42l ) directions. The ED pattern shown in figure
3(f ), which was obtained by tilting the crystal by 46.48° about the c axis, corresponds to
a [350] crystal orientation, and has a d-spacing of 1.56 ± 0.02 Å along (530), 10.20 ± 0.03
Å along (00l ) and 20.40 ± 0.05 Å along (53l ) directions. The d-spacings from the six selected-area ED patterns shown in figure 3 were recorded for tilt angles ranging from 0° to
46.48° about the c* axis, as summarized in table 1. A projection of the reciprocal-space
lattice onto the a*–b* plane, which is perpendicular to the tilting axis (also the chain axis
in this case), was constructed from the (hk0) d-spacings from the ED patterns. The diffraction points in the a*–b* plane form a quasi-hexagonal periodic pattern (see figure 4)
with d-spacings near 4.5 Å for the adjacent spots.
The projection of the real-space lattice onto the a–b plane can be determined by comparing to the standard β phase structure [7] and the structures with trans-gauche bonds, as
seen in figure 4. According to the selected unit cell, the a–c plane lattice parameters are
a = 9.06 ± 0.03 Å, c = 20.4 ± 0.05 Å, and β = 93° ± 0.2°, which can also be obtained directly from figure 3(a). As mentioned above, all known crystal structures of PVDF and
PVDF:TrFE copolymers make a quasi-hexagonal packing pattern viewed along the chain,
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Figure 3. The six ED patterns recorded from the area indicated by the white circle shown
in figure 2 by tilting about the c axis indicated by the white arrow in figure 2. (a) Along
zone [010]. (b) Along zone [1̄70]. (c) Along zone [1̄50], which is the initial beam direction
without tilting. (d) Along zone [1̄30]. (e) Along zone [1̄20]. (f) Along zone [3̄50].

Figure 4. Projection of the reciprocal lattice unit cell onto the a* – b* plane, as constructed from the series of ED patterns in figure 3. The solid dots are the experimental
data and the circles as well as the lines interpreted from the apparent symmetries are used
to guide the eyes. The labeled zone axes indicated the beam direction. The parallelogram
shows a reciprocal-space unit cell.

so labeling the tilting axis to be the c (chain) axis is reasonable for this structure because
it also has quasihexagonal symmetry perpendicular to the c axis. The chain orientation is
parallel to the film plane with the direction perpendicular to the longer edge of the crystal,
as indicated by the arrow in figure 2.
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The ED patterns obtained by tilting the crystal contain information useful for constructing the three-dimensional (3D) crystal structure. The patterns along different zone
axes can be expressed as a group of numerical equations related to the lattice parameters
based on a more generally triclinic unit cell with no assumptions about the bond angles or
relative lattice spacings. The lattice parameters b, γ (the angle between the a and b axes)
and α (the angle between the b and c axes) can be obtained by solving three of the equations with the three known lattice parameters. The results of this analysis give the values
b = 5.18 ± 0.02 Å, γ = 89.73° ± 0.02° and α = 91.6° ± 1.0°. Direct measurement from the
projection of the 2D unit cell in figure 4 gives b = 5.18 ± 0.02 Å and angles γ and α both
close to 90°. Recall that the angle γ = 90° ± 0.2° between the a and c axes has been obtained from the [010] diffraction pattern from figure 1. If we constrain the angle γ = 90°
we obtain the averaged lattice parameters b = 5.18 ± 0.01 Å, α = 90° ± 0.3°. Unfortunately, the angle α cannot be determined more precisely from the present data due to instrumental limitations. Taken together with the direct measurement of β from figure 3(a),
we obtain a monoclinic unit with α = 90° ± 0.3°, γ = 90° (fixed), and β = 93° ± 0.2°.
So far, the 3D unit cell has been determined based on mapping the unit cell from the
ED patterns and calculations of the diffraction equations. All the diffraction patterns in
figure 3 can be indexed according to an orthorhombic unit cell. Table 1 lists the experimental tilting angles and the angles calculated according to the lattice parameters with a
monoclinic structure, demonstrating good agreement. The maximum angle difference of
0.84° between the experimental and calculated values corresponds to the diffraction pattern with the beam along the [1̄30] zone (figure 3(c)), indicating a slight beam tilting away
from this direction.
Based on the above analysis, we propose that the structure is similar to the standard
β phase, but with monoclinic distortion in the a–c plane and an 8-monomer period along
the chain axis. The 20.4 Å repeat period along the chain in this structure, however, is eight
times the 2.55 Å length of one monomer unit [7]. There are mechanisms for multiplying
the period. According to heuristic and computational models of the all-trans conformation
[10, 13], steric hindrance between the fluorines on neighboring monomers, causes the dihedral angles along the chain to be deflected by about ± 6.6° from the standard 180° trans
bond angle, viewed along the chain direction [13]. In this case, the chain period would be
doubled to 5.1 Å. Another possibility is ordering of head-to-head defects or by the TrFE
monomers, but the copolymers are generally believed to be random [2, 7, 9]. Previous
photoemission studies of the LB films [26] show rectangular symmetry perpendicular to
the (110) axis for the copolymer β phase structure, consistent with C2v bulk symmetry.
All diffraction patterns and the projection of the unit cell in the a–b plane showed
that it is a C-centered structure in the a–b plane with (h00), (0k0), (h0l ), (hkl ) satisfying
the electron diffraction selection rules: h = 2n, k = 2n, h = 2n, h + k = 2n, respectively. For
a monoclinic structure, only three point groups “2,” “m,” and “m/2” are possible. If we
assume that the distorted β phase is also polar, as discussed above, only two point groups
are possible, namely “2” and “m.” Further, limiting to an all-trans conformation with polarization along the b axis leaves point group “2” as the only choice. So the possible crystal symmetry could be determined by combining the point group and the C-centered fea3
14
ture, which is C 2 (No. 5), which is different from usual orthorhombic assignment C 2v
(No. 38) given for the ferroelectric β phase of PVDF and its copolymers [7, 9]. A similar
monoclinic C2 structure with β = 93° and c = 2.55 Å was found in VDF copolymers to coexist with either the orthorhombic structure and the hexagonal D6h structure assigned to
the paraelectric phase [27, 28]. The monoclinic structure was characterized as a metastable “cooled” phase in VDF 55% copolymers, where the sequence of phases on heating is
monoclinic–orthorhombic–hexagonal [27]. This sequence is consistent with the group–
subgroup relationship required for continuous quasi-second-order phase transitions, where
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monoclinic C2 is a subgroup of orthorhombic C2v, which is itself a subgroup of hexagonal
D6h [29]. Studies of VDF 60% copolymers suggest that the monoclinic structure also converts directly to the hexagonal structure, which would proceed by a discontinuous first-order transition [28].
4. Conclusions
Electron diffraction patterns from P(VDF–TrFE) 70:30 nanocrystals allowed us to determine the lattice type and parameters. A monoclinic phase had been determined from the
electron diffraction patterns by means of two methods: mapping the unit cell and calculations from the diffraction equations; both methods are consistent with each other. The
lattice parameters for the all-trans structure obtained from this analysis are a = 9.06 ±
0.03 Å, b = 5.18 ± 0.02 Å, c = 20.40 ± 0.05 Å, α = 90° ± 0.3°, β = 93° ± 0.2° γ = 90° ±
0.2°, consistent with a monoclinic space group of C32 . Except for the eight-fold period
along the c axis, this appears to be the same structure found in other VDF copolymers
and variously called the “cooled” or “low-temperature disordered” phase. The role of the
monoclinic structure in ferroelectric properties, however, is not clear. Perhaps it is only a
metastable form, or perhaps a step in a sequence of phase transitions: hexagonal, orthorhombic, monoclinic.
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